The introduction of soybean and cotton traits with resistance to synthetic auxin herbicides has led to an increase in concern over the off-target movement of dicamba and 2,4-D. A direct-mail survey was sent to Missouri pesticide applicators in January of 2016 to understand current herbicide application practices and applicator knowledge and awareness of the new synthetic auxin technologies. Completed surveys were returned by 2,335 applicators, representing approximately 11% of the state's registered pesticide applicators. Survey data reported herein provides information regarding current pesticide applicator knowledge and practices and highlights areas that need more emphasis during applicator training. Overall, survey respondents were familiar with physical drift and methods to minimize that risk. However respondents were less familiar with volatility and temperature inversions, which can each influence off-target herbicide movement. Of the 427 commercial applicators and 1,535 noncommercial applicators who answered questions regarding volatility, 81% and 74% respectively, recognized that high temperatures can contribute to a herbicide's ability to volatilize. However, only 48% and 39% understood that a herbicide's vapor pressure influences volatility. Answers from the survey indicate further education is needed on the synthetic auxin technologies, such as what herbicides can be used with each technology, proper methods for inspecting and cleaning spray equipment, and the importance of reading herbicide labels. When asked whether applicators were aware of the new 2,4-D-resistant and dicamba-resistant traits, 76% of 443 commercial applicators and only 40% of 1,713 noncommercial applicators selected "yes." Additionally, survey results suggests that current methods aimed to facilitate communication among producers and applicators, such as FieldWatch and Flag the Technology, may not be successfully adopted, at least in Missouri. Findings from this survey can be utilized to enhance training of pesticide applicators in preparation for the synthetic auxin herbicide technologies. Nomenclature: dicamba; 2,4-D; cotton, Gossypium hirsutum L.; soybean, Glycine max (L.) Merr. Key words: Synthetic auxin herbicide, herbicide label, nozzles, drift-control agents, herbicideresistance traits, herbicide injury, spray tank, contamination, physical drift, volatility, wind speeds, temperature inversion, FieldWatch, Flag the Technology, specialty crops.
productores y aplicadores, tales como FieldWatch y la tecnología de Banderas, podrían no ser adoptadas exitosamente, al menos en Missouri. Los descubrimientos de esta encuesta pueden ser utilizados para mejorar la capacitación de aplicadores de plaguicidas en preparación para el uso de las tecnologías de herbicidas auxinas sintéticas.
Concerns over off-target movement of agricultural chemicals, such as herbicides, date back to the first uses of chemicals to enhance agriculture production. As early as 1927, regulations on agricultural chemicals were established in the United States due to the drift or movement of chemicals to nontarget vegetation following application (Akesson and Yates 1964) . Synthetic auxin herbicides such as 2,4-D and dicamba are a class of herbicides that have traditionally provided effective control of a wide range of broadleaf weed species; however, they have also historically been associated with having a high risk of injury to nontarget plants. When these herbicides come in contact with sensitive broadleaf crop or ornamental plants such as cotton (Gossypium hirsutum L.), wine grapes (Vitis vinifera L.), or soybean, they can cause severe injury including leaf cupping, stem and leaf epinasty, cracked and swollen stems, and chlorosis and necrosis of tissues (Al-Khatib et al. 1992; Al-Khatib et al. 1993; Al-Khatib and Peterson 1999; Everitt and Keeling 2009; Solomon and Bradley 2014) .
Cotton and soybean with dicamba resistance traits are now commercially available in the United States (USDA-APHIS 2015b; USDA-APHIS 2015c; Inman et al. 2016) . The 2,4-D-resistant cotton and soybean traits have been deregulated by the federal government and are anticipated to be available in 2017 (USDA-APHIS 2015a; USDA-APHIS 2014). Few cases of dicamba-or 2,4-D-resistant weeds have been documented since the chemicals were introduced to the market in the last 70 years (Heap 2016) , and the introduction of each type of resistance into cotton and soybean can provide additional control options for the most challenging weeds of each production system, such as waterhemp and palmer amaranth (Legleiter and Bradley 2008; Norsworthy et al. 2008) .
Proper decision-making by herbicide applicators will be more essential than ever to minimize the risk of these herbicides moving away from the target and onto nontarget plants ( Akesson and Yates 1964; Maybank et al. 1978; Soltani et al. 2016; Steckel et al. 2010) . Many factors that can contribute to herbicides moving away from target plants and onto nontarget plants, such as physical drift of herbicide droplets and contamination of improperly cleaned spray tanks, can be managed by the applicator (Vangessel and Johnson 2005) .
With the important role that herbicide applicators will have in minimizing the off-target movement of synthetic auxin herbicides, an understanding of their current practices, knowledge, and perceptions would be valuable to aid in the improvement of current education and training modules for pesticide applicators. Surveys have been shown to be useful tools in assessing awareness and perceptions (Godar and Stahlman 2015; Norsworthy et al. 2013; Regnier et al. 2016; Shaw et al. 2009; Sinzogan 2004 .) The specific objective of this research was to understand the current application practices of Missouri herbicide applicators as well as their knowledge and perception of the synthetic auxin herbicides and factors that contribute to off-target herbicide movement.
Materials and Methods
A direct-mail survey was developed to investigate the knowledge, skills, and practices of certified Missouri pesticide applicators in January of 2016. A condensed sample of the survey, similar to surveys used by Godar and Stahlmam (2015) , is shown in Table 1 . Surveys and postage-paid, self-addressed return envelopes were mailed to the 1,387 commercial pesticide applicators certified by the Missouri Department of Agriculture. From the list of 20,880 noncommercial pesticide applicators certified by the Missouri Department of Agriculture, 10,400 applicators were selected. To ensure that surveys were mailed to each county within Missouri, a ratio was developed using the 2012 National Agriculture Census Data on land in row crop production per county, such that counties with the most land in row crop production had the most noncommercial applicators selected for the survey (USDA NASS 2012). Noncommercial pesticide applicators within each county were selected using a random number generator (www.random.org).
The survey comprised three sections (Table 1) . Questions in the first section focused on demographic information. Data such as occupation, number of acres sprayed, and experience with herbicide application were collected. The second section of the survey was designed to collect data on common current herbicide application practices. Applicators were asked questions about application routines, such as the practice of reading herbicide labels, methods for checking wind speed, and procedures for tank cleanout following a herbicide application. The third section of the survey focused on knowledge and perceptions regarding herbicide applications. Respondents were asked questions pertaining to the new synthetic auxin herbicideresistant traits, common conditions associated with off-target herbicide movement, and fault following misapplication of herbicides. Survey data were entered into a spreadsheet format for analysis (Shaw et al. 2009 ). For the subset of questions where applicators were asked to "select all that apply", data were sorted and analyzed in crosstabulation tables using PROC SURVEYFREQ in SAS ® 9.4 (SAS Inst., Cary, NC). Not every respondent answered each question; the total number of respondents for a particular survey question is included for each question presented in the results and discussion.
Results and Discussion
A total of 2,335 surveys were returned, representing approximately 11% of registered pesticide applicators in Missouri. Over 19% of respondents indicated that they represented pesticide applicators for companies, managers of applicators, or both (150, 144, and 163 respondents, respectively). These three categories of respondents were grouped together as commercial applicators and presented separately from the noncommercial applicators who identified themselves as farmers (1,633) or other (245). Of all respondents, 72% of commercial applicators and 75% of noncommercial applicators had more than 10 years of experience with pesticide applications. Only 15% and 13% of the commercial and the noncommercial respondents, respectively, had zero to five years of experience.
Current Herbicide Application Practices
Reading the Label. When asked how frequently they read herbicide labels prior to mixing and spraying, 49% and 61% of commercial and noncommercial applicators, respectively, indicated that they read herbicide labels more than 50% of the time (Table 2 ). Of this group of respondents, 52% of commercial and 47% of noncommercial applicators claimed that herbicide labels were clear and straightforward; 45% and 51%, respectively, stated that labels are mostly clear but leave the applicators with a few questions; and approximately 2% from each group claimed that labels were unclear (data not shown). Collectively, these data suggest that when applicators take time to read the labels, they find the information mostly clear. However, the results also indicate the need to place more emphasis on taking time to read herbicide labels prior to mixing.
Physical Drift of Herbicides. Survey recipients were asked questions pertaining to practices that impact the physical drift of herbicide droplets wherein herbicide particles are moved away from intended targets and possibly onto nontargeted plants. When asked at what wind speeds they considered it too windy to make an herbicide application, 43% of commercial and 53% of noncommercial applicators indicated wind speeds exceeding 16 km h −1 (Table 3) . This is the same wind speed cutoff that the Environmental Protection Agency recommends for minimizing physical drift (Pfleeger et al. 2006 ). Many dicamba and 2,4-D herbicide labels indicate that applicators should avoid spraying in wind speeds exceeding 24 km h A subset of applicators did not select a wind speed but opted for "Other", and their explanations included, but were not limited to, "depends on what chemical is being used", "depends on what is downwind of the field being sprayed", "never too windy to spray", and "depends on how far behind we are". These results indicate that a high percentage of Missouri applicators are aware of proper wind speeds for herbicide applications. To determine if applicators follow through with their knowledge of wind speeds, survey recipients were asked about the frequency and methods with which they check wind speed prior to spraying a field. Over 95% of each group indicated that they check wind Table 2 . Missouri pesticide applicators' practices of reading herbicide labels. speeds ≥50% of the time (Table 3 ). For this group of respondents, the primary method(s) for checking wind speed varied ( Figure 1 ). The most common method selected by noncommercial applicators was estimating by looking at surroundings (47%), followed by looking online at the nearest weather station (27%). Commercial applicators were most likely to use handheld anemometers (35%), check the nearest weather station online (27%), or use a smartphone app (26%). These data reveal that most Missouri applicators are aware that wind is an important factor in deciding to make herbicide applications, and are committed to checking the wind speed prior to spraying. However, the methods by which applicators check the wind speed are variable and, for many noncommercial applicators, are likely unreliable.
Excluding wind speeds and spray boom heights, the size of spray droplets may have the next largest impact on whether herbicide particles are likely to drift (Creech et al. 2015) . Specific spray nozzle types have been developed to increase herbicide droplet size and maintain herbicide efficacy, and the herbicide labels for the new formulations of 2,4-D and dicamba will require specific spray nozzles (Anonymous 2016). When asked about frequency with which applicators change nozzles, 9% to 10% from each group indicated they always change At what point would you consider it too windy to spray herbicides?" b Survey respondents were asked, "How often do you check wind speed before you spray a field?" c Explanations for "other" included, but were not limited to, "depends on what chemical is being used", "depends on what is downwind of the field being sprayed", "never too windy to spray", and "depends on how far behind we are". nozzles, while 62% of commercial and 73% of noncommercial applicators reported that they change nozzles <50% of the time (Table 4) .
Drift control agents can also impact the size of droplets by altering the viscosity of the spray solution through reducing the liquid's ability to stretch and separate into small droplets (VanGessel and Johnson 2005) . When asked how frequently applicators added drift control agents to the solution, 74% of commercial and 48% of noncommercial applicators indicated that they use drift control agents ≥50% of the time (Table 4) . Approximately 5% of commercial applicators and 24% of noncommercial applicators indicated that they never use drift control agents. These survey results suggest that commercial herbicide applicators are adopting techniques to help mitigate physical drift. However, there seems to be a lack of knowledge or adoption, or both, by noncommercial applicators regarding new technologies that can help mitigate physical herbicide drift.
Spray Tank Inspection and Cleanout Practices. Because the synthetic auxin herbicides are not as water soluble as other herbicides commonly used in the Midwest, such as glyphosate, more emphasis will likely be needed with regards to cleaning and inspecting spray tanks and parts for herbicide accumulation following synthetic auxin herbicide application (Steckel et al. 2010) . Applicators were asked a series of questions pertaining to maintenance and cleaning of spray equipment. When asked how many times the applicator rinses the spray tank after spraying one herbicide and prior to mixing a different herbicide, 65% of the 444 commercial respondents who answered reported that they rinse the tank three times, and 18% indicated that they clean the tank at least twice (data not shown). Of the 1,728 noncommercial applicators who answered the question, 43% indicated that they triple rinse, while 33% responded that they clean the tank at least once. "I do not typically rinse my tank in between herbicide applications" was a possible answer, which 1% of commercial and 3% of noncommercial applicators selected; 6% of commercial and 13% of noncommercial applicators indicated that they rinsed the tank once between applications. "Other" was selected by 10% of commercial and 8% of noncommercial applicators. The most common explanations for "other" were "depends on what crop will be sprayed next" and "depends on what chemical is being used".
Of those who indicated that they rinse the spray tank three times or more, 67% of commercial and 44% of noncommercial applicators use specialized tank cleanout products ≥50% of the time (Table 5) . Less than 2% of these respondents indicated "other" with regard to specialized products. Explanations varied, but included "depends on the product that has been sprayed", "use household ammonia", and "if the herbicide label requires". Of respondents who rinse the spray tank fewer than three times between herbicide applications, 56% of commercial and 35% of noncommercial applicators use specialized tank cleanout products ≥50% of the time. These results suggest a slower adoption of techniques to mitigate spray tank contamination by noncommercial applicators compared to that of commercial applicators, and are consistent with slower adoption of physical drift reduction methods by noncommercial applicators compared that of commercial applicators. This could be due to multiple factors, such as the time it takes to clean tanks out properly, the cost of adding drift reduction chemicals, and a lack of understanding of how the chemical properties of synthetic auxin herbicides are different from other commonly used herbicides. It is also likely that noncommercial applicators may plant the same variety of crop in each of their fields and therefore switch between chemicals less frequently than commercial applicators do. Regardless, the results suggest that going forward emphasis will need to be placed on proper cleanout of spray tanks for both applicator groups.
The use of nurse tanks with premixed herbicide solutions that can be shuttled to the applicator can allow the workload to be carried out more efficiently. However, nurse tanks also introduce another component to the system that can lead to herbicides moving off-target if the nurse tank(s) are not cleaned properly. When asked about the frequency with which applicators used nurse tanks, 60% of 273 commercial respondents and 82% of 1,497 noncommercial applicators indicated that they never use nurse tanks (data not shown). Of the remainder, 26% of commercial and 6% of noncommercial applicators reported that they use nurse tanks most of the time (≥50%). Approximately 1% within each group selected "other", and explanations included "depends on the chemicals", "hot loads are dedicated for corn only", and "often during PRE applications but never in POST".
Chemical residue buildup and/or damage to sprayer parts are additional sources that can lead to spray tank contamination and/or faulty applications. When asked about the frequency with which sprayer parts are inspected for damage and/or chemical residue buildup, 69% of commercial and 74% of noncommercial respondents indicated that they check parts a minimum of once per week (Table 6) . A subset of respondents from each group (16% of commercial and 7% of noncommercial) opted not to select a frequency but chose "other". Explanations for "other" included, but were not limited to, "depends on the product being used", "when switching between chemicals", "when switching between crops", "anytime the sprayer is flushed", and "depends on the sprayer part". Of respondents who inspect sprayer parts a minimum of once a month, over 90% indicated that they routinely inspect spray nozzles, and over 80% of noncommercial and 90% of commercial applicators check in-line filters routinely (Figure 2 ). Parts not inspected as frequently included spray tanks, end caps, spray lines, and inductors. However these parts also provide opportunities for herbicide contamination. These current practices with regard to spray tank maintenance and cleanout will likely be a key cause of synthetic auxin herbicides moving off-target. Recent work from Cundiff et al. (2016) has shown that the quality of spray lines and cracks within the spray lines provide opportunities for dicamba to settle out of solution and go unrinsed when cleaning out the spray tank. Going forward, proper education and demonstration on spray tank cleanout and maintenance will continue to be essential. Applicators need to be aware that in previous years spray tank contamination and/ or faulty applications may have gone largely unnoticed (8) 14 (2) 842 (100) a Survey respondents were asked, "How often do you use specialized tank cleanout products in addition to water during sprayer tank cleanout?" b Reported data is in the following format: Number of respondents (% of respondents). c Survey respondents were asked, "How many times do you rinse your spray tank after spraying a herbicide and prior to mixing a different herbicide?" with the majority of the US soybean, cotton, and corn crops being glyphosate resistant. However, with the introduction of multiple new herbicide-resistant soybean and cotton traits, spray tank contamination will be more likely to lead to injury of subsequentlysprayed crops. Additionally, the nature of the herbicides, and specifically, the ability of dicamba to precipitate out of solution, will provide more opportunities for tank contamination to occur.
Applicator Knowledge and Perceptions. Understanding applicator knowledge and perceptions of the new synthetic auxin technologies and factors that contribute to off-target movement of the corresponding herbicides should provide further insights into education and training needs. When asked about awareness of the new Enlist ® (2,4-D resistant) and Roundup Ready 2 Xtend ® (RR2Xtend) (dicamba-resistant) traits in cotton and soybean, 76% of 443 commercial and 40% of 713 noncommercial applicator respondents indicated that they were aware of them (data not shown). For those who were aware, a series of three "true or false" questions was asked to determine applicators' levels of knowledge on the traits. Of those respondents, 67% of the noncommercial and 79% of the commercial applicators knew that Enlist ® varieties tolerate applications of 2,4-D; 59% of the noncommercial and 73% of the commercial respondents also knew that not all dicamba formulations will be approved for POST applications in the RR2Xtend crops (Table 7 ). The question in this set that was answered least correctly was whether RR2Xtend crops can tolerate applications of 2,4-D and dicamba; 51% of noncommercial and 69% of commercial applicators correctly indicated that RR2Xtend cannot tolerate 2,4-D. Collectively, these data indicate that approximately 24% of commercial b Reported data is in the following format: Number of respondents (% of respondents). c Responses for "other" included, but were not limited to, "depends on the product being used", "when switching between chemicals", "when switching between crops", "anytime the sprayer is flushed", and "depends on the sprayer part". and 60% noncommercial applicators in Missouri are unaware of the Enlist ® and RR2Xtend technologies. Combined with the responses on the true/false questions, these results highlight the need for continued education on the RR2Xtend and Enlist ® technologies. Lack of understanding with regard to these technologies may be one factor that has contributed to the nonlabel use of dicamba as a POST treatment in Roundup Ready 2Xtend ® cotton during the 2016 growing season (EPA 2016) .
When asked knowledge-and perception-based questions regarding the off-target movement of herbicides, 92% of the 451 commercial applicator respondents and 91% of the 1,781 non-commercial applicator respondents were aware that fine spray droplets are more likely to drift than "very coarse" or "extremely coarse" droplets (data not shown). The majority of respondents, 97% of 443 commercial applicators and 91% of 1,734 noncommercial applicator respondents, were also aware that many herbicide labels require allowing for buffer zones between the application area and sensitive areas (data not shown). To follow up on the question regarding sensitive areas, respondents were given a list of five areas including a body of water, an area that serves as a habitat for endangered species, fallow crop land, a nearby residential area, and a different crop that would be injured by the herbicide being applied, and were asked to select all that might classify as "sensitive areas". Of those who knew that herbicide labels have information on sensitive areas, over 90% of each group knew that "a body of water" and "a different crop that would be injured by the herbicide" could be classified as sensitive (data not shown). Over 80% of both groups recognized that areas that are habitats for endangered species and nearby residential areas are classified as sensitive areas. Fallow cropland was the most varied response, as 31% of commercial applicants and 28% of noncommercial applicants incorrectly selected that fallow cropland would be classified as a sensitive area.
Facilitating communication among pesticide applicators, cotton and soybean growers, and specialty crop producers in order to identify sensitive areas or label the type of resistance trait in a field is one possible method to help reduce the amount of herbicides, including synthetic auxin herbicides, that may end up on non-target plants. FieldWatch is a web-based utility aimed to facilitate communication; 57% of commercial and 16% of noncommercial applicators indicated that they were aware of FieldWatch (Figure 3) (Maynard et al. 2012 ). Of those who had heard of FieldWatch, 18% of commercial and 27% of noncommercial applicators responded that they intend to "always" check FieldWatch before making herbicide applications in the future, while 46% of commercial and 41% of noncommercial responded that they intend to check FieldWatch <50% of the time (Table 8) . Flag the Technology is another communication tool that promotes the placement of a physical, color-coded flag at the entrance of the field. The color of each flag represents a specific herbicide-resistance trait (Scott et al. 2011) . Less than half of all respondents indicated that they were aware of Flag the Technology (Figure 4) (Scott et al. 2011) . Of those who were aware of it, 8% of commercial and 12% of noncommercial applicators indicated that they plan to 'always' use the technology, while 57% of commercial and 45% of noncommercial indicated that they plan to use the technology less than 50% of the time (Table 8 ). These results suggest that, although efforts are being made to facilitate communication, applicators may be slow adopters of the new communication tools until they fully recognize the value of each. To understand applicator mindset regarding what factors are most likely to contribute to off-target herbicide movement, respondents were given three factors, drift, volatility, and tank contamination, and asked to rank them in order from least likely to lead to off-target movement of 2,4-D and dicamba to most likely to lead to off-target movement, with 1 being least and 3 being most likely. Both groups (457 commercial and 1,878 noncommercial applicators responding) ranked drift as the most likely factor of the three to contribute to off-target movement, followed by volatility and then tank contamination (data not shown). Environmental factors can influence the volatility of herbicides, allowing herbicide particles to evaporate from their landing surfaces and move back into the air where they can be moved by wind. To assess pesticide applicator understanding of volatility, respondents were given a list of nine factors: low temperatures (<1 C), high temperatures (>30 C), the vapor pressure of the herbicide, dew present at application, high wind at application, low wind at application, high humidity, low humidity, and the particular formulation of the herbicide. The respondents were asked to select all of the factors that can contribute to the volatilization potential of an herbicide ( Figure 5 ). Of the 427 commercial and 1,535 noncommercial applicators who answered the question, high temperature was the most commonly selected factor, chosen by over 70% of all respondents. Only 48% of commercial and 39% of noncommercial applicators selected vapor pressure of the herbicide as a factor contributing to volatility.
The results, presented in detail in Figure 5 , indicate that both commercial and noncommercial applicators are familiar with some, but not all, of the factors that can contribute to volatility of herbicides, and highlight the need for better understanding of these points. Emphasizing the role of volatility in synthetic auxin herbicide movement will help applicators better appreciate the need to follow the label and use low-volatility synthetic auxin herbicides.
Another element that can contribute to off-target herbicide movement but can be hard to detect is a surface temperature inversion, which occurs when the air near the earth's surface is cooler than the air further away from the earth's surface (Enz et al. 2014) . When cool air settles below warm air, a stable, stagnant air mass is produced. Many approved 2,4-D and dicamba herbicide labels indicate that applications should not be made during temperature inversions, because small herbicide particles may be suspended in the stable air mass instead of reaching target plants and can be moved to unintended targets speed), windy conditions, dew present, dew absent, fog in low-lying areas, early morning, mid-day, late evening, or "I do not know". Respondents were asked to select all choices that are indicative of temperature inversions. Of the 457 commercial and 1,878 noncommercial applicators who responded, the most frequently selected (and also correct) option was fog in low-lying areas ( Figure 6 ). Approximately 69% of commercial applicators selected very calm winds and 50% chose late evening, both of which can indicate a temperature inversion is occurring.
With the exception of fog in low-lying areas, the noncommercial group of applicators did not select any of the other possible cues more than 50% of the time. Only 25% of noncommercial and 7% of commercial applicators selected "I do not know" with regard to cues of temperature inversions, less than 50% of total respondents indicated the correct cues of dew present, very calm conditions, late evening, or early morning hours. Data from this question indicate that further education on temperature inversions is needed for Missouri pesticide applicators. The survey data reported herein provides information regarding current pesticide applicator knowledge and practices, and highlights areas that need more emphasis during applicator training. Answers from the survey indicate that further education is needed on some aspects of the synthetic auxin technologies, such as what herbicides can be used with each technology, what volatility is, what a temperature inversion is, and proper methods for inspecting and cleaning spray equipment. The research also suggests that current methods aimed to facilitate communication among specialty crop producers and applicators may not be successfully adopted, at least in Missouri. Weed scientists can utilize this information to enhance training of pesticide applicators in preparation for the synthetic auxin herbicide technologies. Herbicide applicators were asked whether each of the listed factors (y-axis) were environmental "cues" of temperature inversions. For calm conditions, respondents were given a cutoff of wind speeds <5 km h −1 . Gold bars represent the percentage of noncommercial applicators (n = 1,878) who selected a given factor. Black bars represent the percentage of commercial applicators (n = 457) who indicated that a given factor could be a sign of a temperature inversion.
